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The structure of poly(vinyl alcohol) (PVA) hydrogels formed as a result of freeze/thaw treatments of aqueous
solutions of the polymer (11 wt % PVA) in the freshly prepared state is analyzed through the combined use
of small (SANS) and ultrasmall (USANS) angle neutron scattering techniques. The structure of these hydrogels
may be described in terms of polymer rich regions, with dimensions of the order of 1-2 ím, dispersed in a
water rich phase, forming two bicontinuous phases. The PVA chains in the polymer rich phase form a network
where the cross-linking points are mainly crystalline aggregates of PVA having average dimensions of 45 Å.
The structural organization of freeze/thaw PVA hydrogel membranes does not change either after rehydration
of dried gels or in the presence of a tensile force. Finally, addition of surfactant micelles inside the gel
provides a formulation with both hydrophobic and hydrophilic regions, which demonstrates the potential of
the system for drug delivery. Both SANS and EPR measurements show that sodium decylsulfate (C10OS)
micelles do not significantly interact with the PVA gel. Variation of the gel structure by the number of
freeze/thaw cycles should modulate the rate of release of an active constituent, for example, in a dermal
patch.
Introduction
Poly(vinyl alcohol) (PVA) is a synthetic polymer of wide-
spread use because of its ability to form hydrogels with excellent
mechanical, optical, biomedical, and swelling properties. These
hydrogels are classified into chemical and physical gels ac-
cording to the nature of their cross-linking points. In particular,
since the pioneering works of Inoue and Peppas,1-3 thermo-
reversible PVA physical hydrogels prepared by repeated freezing
and thawing cycles from an aqueous solution of the polymer
have captured the attention of both academic and industrial
researchers because of their potential applications in many fields,
from the creation of artificial tissues4-7 to the design of
controlled-release devices for drug delivery.8-11 The preparation
of hydrogels through freeze/thaw cycles offers improved
characteristics over those prepared with traditional techniques
using chemical agents or UV irradiation, such as the absence
of toxicity and good biocompatibility. Furthermore, freeze/thaw
PVA hydrogels show high mechanical strength and good elastic
properties, since they are able to undergo large deformations
upon stretching, and to recover their original shape and
dimensions upon releasing the tension. In addition, in order to
avoid the negative effect of aging on their properties, the
outstanding physical and mechanical properties of as-formed
PVA hydrogels can be preserved, even for a long time, by drying
the sample immediately after the preparation and then can be
restored when needed by rehydrating the dried samples.12
One of the most interesting features of freeze/thaw PVA
hydrogels is their potential use as a device for drug delivery.13-16
The properties of these PVA hydrogels, as well as the transport
properties of the water or other molecules incorporated into the
gel matrix, are closely related to the complex structure formed
by PVA chains over different length scales.
Although PVA hydrogels obtained by freeze/thaw techniques
have been produced and used for many years, they have received
much less attention from a structural point of view when
compared to the extensive literature available for PVA chemical
gels. To our knowledge, direct and systematic investigations
on the structure of freeze/thaw PVA hydrogels have been limited
only to determining important parameters for characterizing their
structure in the low and medium range of the length scale.
Previously, some of us17-19 investigated the structure of such
gels using several techniques (X-ray diffraction, differential
scanning calorimetry, solid state NMR), obtaining quantitative
information on the degree of crystallinity and the size of
crystallites, as a function of the number of freeze/thaw cycles,
and upon application of a drying/rehydration procedure. Fur-
thermore, the average distance among the crystallites was
determined through direct measurements on freshly prepared
gels using small angle neutron scattering.20 Quantitative studies
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on the structural organization of freeze/thaw PVA hydrogels
on the submicrometer distance scales were still missing.
In this paper, we report a detailed structural characterization
of PVA hydrogels prepared with repeated freeze/thaw cycles
by the analysis of combined small (SANS) and ultrasmall
(USANS) angle neutron scattering data, in order to obtain
simultaneous information on both the micro- and mesoscopic
length scales of the gels. SANS measurements have also been
performed on stretched gels, dried gels, and rehydrated gels
(dried gels kept for 24 h in pure D2O) in order to highlight the
possible changes in the gel structure.
The structural studies presented here are of great interest for
the development of drug delivery devices that could be used as
dermal patches. Thus, the addition of surfactant micelles to the
gel, in order to have a useful multidomain system for drug
delivery applications, has been investigated. Dried gel mem-
branes were swollen in aqueous solutions of sodium decylsulfate,
a surfactant of widespread use, and the resulting gels were
characterized by small angle neutron scattering, using contrast
variation and electron paramagnetic resonance (EPR) measure-
ments.
Experimental Section
Materials. Poly(vinyl alcohol) (PVA) with an average
molecular mass of 115 500 amu and a degree of hydrolysis of
98-99% and heavy water (D2O) (molar mass 20.03 g mol-1,
stated purity >99.8%) were purchased from Aldrich (St. Louis,
MO). Sodium decylsulfate (C10OS) (molar mass 260.32 g
mol-1, purity >99%) and sodium decyl-d21 sulfate (DC10OS)
(molar mass 281.45 g mol-1, isotopic enrichment >98%) were
purchased from Fluka (Buchs, Switzerland) and C/D/N Isotopes
(Pointe-Claire, Canada), respectively. The spin probe 4-(N,N-
dimethyl-N-(2-hydroxyethyl))ammonium-2,2,6,6-tetramethyl-pi-
peridine-1-oxyl chloride (TEMPO-choline, TC), used for EPR
measurements, was purchased from Molecular Probes Inc.
(Eugene, OR). All reagents were used as received, without any
further purification.
Hydrogel Preparation. PVA hydrogels were obtained ac-
cording to the detailed procedure reported elsewhere.17 Aqueous
solutions of PVA at 11 wt % were prepared dissolving the
polymer at 96 °C, under reflux and stirring, for about 3 h, until
a homogeneous solution was obtained.20 The resulting solution
was cooled to room temperature and kept overnight in order to
eliminate air bubbles. Different portions of PVA solution were
then poured between glass slides with 1 mm spacers at room
temperature and subjected to repeated freeze/thaw cycles, each
of which consisted of a 20 h freezing step at -22 °C followed
by a 4 h thawing step at 25 °C. The obtained gels appeared as
thin, white, and flexible membranes. In the following, PVA gels
will be denoted as GELn samples, where n is the number of
freeze/thaw cycles used in the preparation, ranging between 1
and 9.
SANS Measurements. Small angle neutron scattering mea-
surements were performed at the KWS2 instrument located at
the FRJ-2 reactor of the Forschungszentrum Ju¨lich, Germany,
and at the LOQ instrument sited at the ISIS facility of the
Rutherford Appleton Laboratory of Chilton, United Kingdom.
In the first case, neutrons with an average wavelength (ì) of
7 Å and a wavelength spread of ¢ì/ì e 0.1 were used. A two-
dimensional area detector at three different sample-to-detector
distances (2, 8, and 20 m) measured neutrons scattered from
the samples. These configurations allowed the collection of
scattering cross sections in an interval of transferred momentum
(q ) 4ð/ì sin ı) between 0.002 and 0.17 Å-1, where 2ı is the
scattering angle. PVA gel membranes were contained in a quartz
container in order to prevent dehydration, and the measurement
time ranged between 30 min and 2 h per sample. Raw data
were corrected for electronic background and empty cell
scattering. Detector efficiency corrections and transformation
to absolute scattering cross sections (dó/d¿) were made with a
secondary Lupolene standard, according to the procedure
described elsewhere.21,22
At the ISIS pulsed neutron source, the LOQ instrument uses
neutrons of wavelengths ranging between 2.2 and 10 Å detected
by a time-of-flight analysis on a 64 cm2 two-dimensional
detector placed 4.1 m from the sample,23 giving a q range of
0.006-0.284 Å-1. Raw data were corrected for wavelength
dependent sample transmissions, incident spectrum, and detector
efficiency and then put into absolute scattering cross sections
(dó/d¿) by comparison with scattering from a partially deu-
terated polystyrene standard.
USANS Measurements. Ultrasmall angle neutron scattering
measurements were carried out at the S18 facility installed at
the supermirror guide H25 of the Institute Laue Langevin of
Grenoble, France, which provides a flux of 3.9  109 cm2 s-1
polychromatic neutrons. The spectrometer is equipped with a
Bonse-Hart double crystal diffractometer and uses a neutron
beam having a wavelength of 5 ( 0.5 Å, giving data for q
between 2  10-5 and 5  10-4 Å-1. With this range, there is
a small region of q in our investigation not covered by the
USANS and SANS instruments. Finally, upon subtraction of
all instrumental artifacts, the resulting data were subsequently
converted to an absolute differential scattering cross section
using the corresponding precalibrated SANS data.24
EPR Measurements. EPR measurements need the introduc-
tion of a paramagnetic molecular spin probe in the investigated
system.25 In the present study, the cationic probe 4-(N,N-
dimethyl-N-(2-hydroxyethyl))ammonium-2,2,6,6-tetramethyl-pi-
peridine-1-oxyl chloride (TEMPO-choline, TC) was used to
characterize the micellization of C10OS in PVA hydrogels.
A stock solution of the spin probe TC in heavy water (1.0 
10-4 mol kg-1) was prepared by weight. This solution was used
as a solvent for preparing C10OS solutions at surfactant
concentrations ranging between 0.0031 and 0.1927 mol kg-1.
These solutions, after degassing by prolonged bubbling with
pure nitrogen, were used as a swelling medium to rehydrate,
for 24 h at 25 °C, patches of dried hydrogel membranes.
To execute the EPR measurements, small portions of these
rehydrated PVA patches were cut (approximately 0.3  0.5 cm)
and put on a plane plastic holder (5 mm wide) inserted in the
center of a TM110 cylindrical cavity. The spectra were recorded
at 25 °C with a Bruker ER200D spectrometer.
Results
Freshly Prepared PVA Hydrogels. The scattering cross
section obtained combining SANS and USANS measurements
carried out on freshly prepared PVA hydrogels at different
numbers of freeze/thaw cycles are reported in Figure 1. From
inspection of the figure, it is possible to distinguish two main
regions:
(a) A region (10-2 < q/Å-1 < 10-1) where a “shoulder”
is present. Here, the main contribution to the scattering cross
section is essentially due to the presence of “crystallites”, with
the scattering of the intervening amorphous chains being
negligible. In agreement with our previous investigations,20 the
crystallites can be treated as a collection of tiny, homogeneous
hard spheres of radius R, volume fraction , and semicorrelation
distance RHS (i.e., the average semidistance between nearest
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neighboring crystallites) whose value is roughly given by the q
position of inflection point present in the figure (qinflect  ð/RHS
 0.03 Å-1).
(b) A region at very low q values (10-5 < q/Å-1 < 10-2)
where the scattering cross section scales with a power law in q,
showing a fractal behavior of the PVA network on the
mesoscopic length scale. The data analysis presented below
shows that PVA network is a mass fractal:26 in this case, the
total mass (m(rs)) of a portion of PVA contained in an hypothetic
sphere with a radius of rs scales with the power law m(rs) ∝
rs
D
, where D is the fractal dimension of the network. Of course,
the fractal nature of the network cannot extend ad infinitum,
but there is an upper limit (lmax) above which it does not appear
self-similar anymore. Such a value corresponds roughly to the
smallest q value where the power law still holds.
Due to the above considerations, the experimental cross
sections of Figure 1 have been modeled as the sum of a term
that takes into account the scattering of crystallites and a mass
fractal term. The former term can be written as a product of a
homogeneous sphere form factor (P(q))27 and a structure factor
(S(q)) obtained by solving the Ornstein-Zernike equation28 with
the closure relation, in the Percus-Yevick approximation29
where j1(x) ) (sin x - x cos x)/x2 is the first-order spherical
Bessel function, G(x,) is a trigonometric function of the volume
fraction of the crystallites, and FPVA and F0 are the neutron
scattering length densities of poly(vinyl alcohol) and D2O,
respectively. In order to reduce the number of adjustable
parameters, the polydisperse nature of crystallites has not been
accounted for; our previous calculations, indeed, have shown
that such polydispersity is quite low.20
The second term reflects the fractal nature of the PVA
network, and the corresponding theoretical expression can be
obtained from the knowledge of the correlation function of a
perfect mass fractal. This expression has already been obtained
by Schmidt30 and can be written as
with ¡(x) being the Euler gamma function.
Because of the hierarchical structure of PVA gels, the
scattering profiles arising from the structural arrangement of
polymer chains and water molecules in the medium and large
length scales do not interfere appreciably with each other, and
it is a reasonable approximation to express the scattering cross
section (dó/d¿) as a simple summation:31
where np is the number density of crystallites, k is a scale factor,
and (dó/d¿)inch is the incoherent contribution to the scattering
cross section.
Through a fitting of eq 4 to the experimental data reported
in Figures 1, it has been possible to extract the radius of the
Figure 1. SANS and USANS data for samples of GELn in the freshly prepared state, with n being the number of freeze thaw cycles used for their
preparation: (a) GEL1; (b) GEL3; (c) GEL5; (d) GEL9. The fit of the model described in the text (eqs 1-4) to experimental data is indicated by
the continuous lines. The contributions from the terms due to the scattering of hard spheres (dashed line) and the mass fractal (dotted-dashed line)
for GEL9 are also indicated.
( dód¿)fract ) (FPVA - F0)2lmax3 ¡(D + 1)qlmax(D - 1) 
[1 + (qlmax)2]-(D+1)/2 sin[(D - 1) arctan(qlmax)] (3)
dó
d¿ ) npP(q) S(q) + k ( dód¿)fract + ( dód¿)inch (4)
P(q) ) [43 ðR3(FPVA - F0) 3j1(qR)qR ]2 (1)
S(q) ) 1
1 + 24HS
G(2qRHS,HS)
2qRHS
(2)
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crystallites (R), their hard-sphere radius (RHS), their volume
fraction (), the network fractal dimension (D), and the linear
dimension of the polymer rich phase (lmax). All of these values
are reported in Table 1 for the various gels. The contribution
of the hard-sphere model (dashed line) and the mass fractal term
(dotted-dashed line) is also reported separately for GEL9, in
Figure 1d.
Inspection of Table 1 reveals that the parameters obtained
from the fitting procedure approach constant values with
increasing the number of cycles, indicating that the gels evolve
toward a more compact structure. In particular, the radius of
the crystallites approached 45 Å when the number of freeze/
thaw cycles was increased, in agreement with previous re-
sults.18,20 The average correlation distance between the crys-
tallites, RHS, seems to decrease with increasing number of freeze/
thaw cycles, reflecting the formation of stronger gels.20,32 The
overall picture is consistent with an observed slight shrinkage
of the PVA membranes during the repeated freeze/thaw cycles.
The crystallite volume fraction is in all cases very low, 1-
1.5%, in agreement with the results of earlier investigations.18,20
The fractal dimension of the network is in all cases only slightly
lower than D ) 3, indicating a quite homogeneous geometrical
arrangement of the crystallites within the polymer rich regions.
Finally, the mean extension of the polymer rich phases is around
1-1.5 ím, very close to those found by Takeshita et al. with
PVA gels in water/dimethylsulfoxide mixtures.33 In the case of
GEL1, all of the parameters are larger compared to the other
gels, suggesting that the network is not well-formed yet and
the crystalline aggregates are less compact.
PVA Rehydrated Hydrogels. The water content of PVA
hydrogels in the freshly prepared state amounts to 88 wt %.18
These gels lose solvent almost completely by water evaporation
when kept in air at room temperature, obtaining “dried gels”.
The latter systems show a rigidity greater than the rigidity of
the corresponding gels in the freshly prepared state, and upon
reimmersion in water, they are able to swell up to include a
water content of 80-85 wt %.15 Figure 2 compares the SANS
data obtained from freshly prepared GEL3, the same gel after
drying, and the gel prepared from the dried membrane upon
rehydration for 24 h in water. The SANS curves of the fresh
and rehydrated gels are superimposable with a good degree of
approximation, suggesting that the structural organization of the
gel network on the length scale of nanometers is not affected
by the drying/rehydration procedure.
PVA Hydrogels under Stress. PVA hydrogels have good
elastic properties and can be stretched up to 6-7 times their
initial length, by applying a tensile force.32,34,35 Upon release
of the tension, these gels recover their original shape and
dimensions. To our knowledge, no investigations on eventual
structural changes caused by the tension have been done on
the length scale spanned by our SANS measurements. To this
aim, SANS measurements have been performed on a gel
membrane kept under a tensile force.
Rectangular strips (length 30 mm, width 10 mm, thickness 1
mm) of GEL3 in the fresh state have been stretched at various
values of the draw ratio (ô) (namely, the ratio between the actual
length and the length of the strip in the unstretched state) using
a tensile apparatus available at the RAL.36 In order to prevent
water evaporation, the measurements were performed by placing
the sample between two extendable clamps, keeping an edge
of the gel dipped in a reservoir containing D2O. The samples
have been stretched up to ô ) 2.3, the maximum draw ratio
achievable with the available apparatus. Figures 3 and 4 show
the scattering cross section measured along the directions parallel
(meridian) and normal (equator) to the stretching direction, for
GEL3, at increasing values of the applied draw ratio, compared
to the radially averaged data for the unstretched gel (ô ) 1.0).
It is worth noting that all of the SANS data are nearly
coincident, regardless of the value of ô. This indicates that, at
least on the length scale of the SANS observations, stretching
does not substantially alter the PVA network structure of the
gels, although the statistical errors of the scattering cross section
measured along the equatorial and meridian profiles are greater
TABLE 1: Values of Structural Parameters Obtained from
the Fitting of the Model Discussed in the Text (eqs 1-4) to
the SANS and USANS Data of PVA Gels at Various
Freeze/Thaw Cycles in the Freshly Prepared Statea
gel R/Å RHS/Å  D lmax/ím
GEL1 66 ( 1 206 ( 15 0.013 ( 0.05 2.93 ( 0.01 2.6 ( 0.2
GEL3 53 ( 1 182 ( 12 0.014 ( 0.05 2.92 ( 0.01 1.3 ( 0.2
GEL5 44 ( 2 128 ( 10 0.014 ( 0.06 2.89 ( 0.01 1.5 ( 0.3
GEL9 47 ( 3 118 ( 7 0.015 ( 0.03 2.87 ( 0.01 1.4 ( 0.1
a This table reports the following: radius of PVA crystallites (R),
average correlation distance between the crystallites (RHS), volume
fraction occupied by the PVA crystallites (), network fractal dimension
(D), and linear size of the polymer rich phase (lmax).
Figure 2. Comparison of SANS data obtained at 25 °C from GEL3
in the freshly prepared state (0), a sample of GEL3 immediately dried
after the preparation (]), and dried GEL3 after rehydration in pure
D2O (b).
Figure 3. Comparison of SANS profiles read along the meridian of
the bidimensional SANS patterns obtained at 25 °C from GEL3 in the
freshly prepared state, stretched at draw ratios (ô) of 1.7 (right-pointing
triangle) and 2.3 (9) with the radially averaged scattering cross section
of the unstretched sample (ô ) 1) (O).
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than the errors associated with the radially averaged data.
Probably, the rather dilute amorphous chains relax easily upon
stretching, and the major part of the scattering cross section
which results from the distribution, size, and orientation of the
PVA crystallites is not significantly altered. The presence of
crystallites ensures a sort of “memory effect” in the gel network,
so that, upon release of the tension, elastic recovery is observed.
Effect of the C10OS Addition. Several authors have
proposed the use of PVA gels as potential devices for drug
delivery systems.8-11,37 The presence of large domains with high
water content (polymer poor phase) is of particular interest, since
it has been suggested that active particles could be lodged in
these regions and successively released from the gel. In this
way, PVA can be used as a hydrophilic formulation for hosting
hydrophilic compounds.
However, from a technological point of view, it would also
be interesting to incorporate hydrophobic pharmaceutical mol-
ecules into the gel matrix. We have explored such a possibility
by adding to a PVA hydrogel a surfactant that, through the
formation of micelles, creates hydrophobic domains inside the
gel, where drug molecules could be lodged. The ratio of the
hydrophobic/hydrophilic regions suitable to host hydrophilic
and/or hydrophobic drugs could be modulated at will through
the addition of the appropriate amount of surfactant.
To this aim, we have rehydrated samples of GELn dried
immediately after their preparation, using water solutions of
sodium decylsulfate (C10OS) at different concentrations. C10OS
is a surfactant belonging to the class of alkylsulfonates, which
are currently considered the most efficient surfactants as carriers
for drug delivery. The eventual structural changes induced by
addition of C10OS to the gels and the structural organization
of the molecules of the surfactant inside the gel have been
investigated through a combined analysis by the SANS tech-
nique and EPR spectroscopy.
For SANS measurements, the contrast variation technique has
been employed to highlight scattering from different structural
components that are present in the composite gel matrix in the
presence of the surfactant. In order to enhance the scattering of
the gel component, we prepared rehydrated gels of PVA using
solutions of deuterated C10OS (DC10OS) in D2O, whereas, in
order to enhance the scattering from surfactant, we prepared
PVA gels using solutions of DC10OS in a H2O/D2O mixture
chosen to mask the contribution of PVA to the scattering cross
section. Since the neutron scattering length density of PVA (FPVA
) 7.17  10-7 Å-2) is between that of H2O (FH2O ) -5.54 
10-7 Å-2) and D2O (FD2O ) 6.34  10-6 Å-2), it is possible to
prepare a mixture of H2O/D2O in order to match the scattering
density length of PVA. The molar fraction (xw) of H2O that
matches the scattering length density of PVA can be easily
evaluated from
In Figures 5 and 6, the SANS data obtained for GEL3 after
rehydration in the H2O/D2O mixture, at a molar fraction of H2O
equal to xw ) 0.816, are shown. It is apparent that the scattering
cross section for the PVA gel in this latter solvent is completely
annulled as expected, and the residual incoherent scattering is
mainly due to the presence of H2O.
Samples of the dried GEL3 were then rehydrated using
solutions of DC10OS at different concentrations in H2O/D2O
Figure 4. Comparison of SANS profiles read along the equator of the
bidimensional SANS patterns obtained at 25 °C from GEL3 in the
freshly prepared state, stretched at draw ratios (ô) of 1.7 (right-pointing
triangle) and 2.3 (9) with the radially averaged scattering cross section
of the unstretched sample (ô ) 1) (O).
Figure 5. Comparison of SANS data obtained at 25 °C for the
following systems: GEL3 rehydrated in D2O (0), GEL3 rehydrated in
a H2O/D2O mixture (xw ) 0.816) (O), and GEL3 + DC10OS (0.110
mol kg-1) in D2O (b).
Figure 6. Comparison of SANS data obtained at 25 °C for the
following systems: GEL3 rehydrated (9), DC10OS (0.0800 mol kg-1)
(O), DC10OS (0.102 mol kg-1) (right-pointing open triangle), DC10OS
(0.159 mol kg-1) (4), GEL3 + DC10OS (0.800 mol kg-1) (b), GEL3
+ DC10OS (0.102 mol kg-1) (right-pointing solid triangle), and GEL3
+ DC10OS (0.159 mol kg-1) (2). In all cases, a H2O/D2O mixture (xw
) 0.816) has been used as the solvent. The fit of the model described
in the text (eqs 9-13) to experimental data is represented by the solid
lines.
FPVA ) xwFH2O + (1 - xw)FD2O (5)
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mixtures with xw ) 0.816. The SANS spectra of these gels are
compared with those from the aqueous solutions of DC10OS
used for the rehydration of the gels in Figure 6. It is apparent
that the scattering cross section from the gels rehydrated with
the surfactant solutions and that of the corresponding solution
are nearly coincident. This suggests that the structural or-
ganization of the surfactant in the solution and in the gel is
similar.
In order to have quantitative information on the micellar
structures formed, the scattering cross sections reported in Figure
6 were analyzed modeling the micelles as a collection of charged
prolate two-shell ellipsoids.38 In this case, the form factor (P(q))
can be written as39
with
where Ra and Rb are the major and minor semiaxis of the
ellipsoidal hydrophobic core, respectively, ä is the hydrophilic
shell thickness, and Fc, Fs, and F0 are the scattering length
densities of core, shell, and solvent, respectively. In eq 7, the
functions uc and us are defined by
with í being the direction cosines of the vector associated with
the major axis of the ellipsoid with respect to the scattering
vector. The interparticle structure factor of the equivalent sphere
(S(q)) can be calculated by solving the Ornstein-Zernike
equation28 using the closure relation given by the rescaled mean
spherical approximation (RMSA).40-42 The theoretical expres-
sion for the scattering cross section (dó/d¿) is27
where (dó/d¿)inch is the incoherent contribution to the scattering
cross section and â(q) is defined by
The length of the minor semiaxis (Rb) has been taken as being
equal to the length of a fully extended alkyl chain, according
to43
with nc being the number of carbon atoms in the alkyl chain.
The remaining semiaxis Ra has been obtained assuming a close-
packed core
where Vc is the volume of the alkylic chain, available in the
literature,44 and Nagg is the aggregation number of surfactant
molecules in the solution or gel. From the knowledge of the
volume of a solvent molecule (Vw) (for water, Vw ) 30 Å3)45
and a counterion (Na+, Vci ) 14 Å3),45 it has also been possible
to evaluate hydration numbers of micelles per polar head (nw)
By fitting eq 10 to the experimental data, we have extracted
structural parameters of the micelles, treating the aggregation
number (Nagg), the hydrophilic shell thickness (ä), the actual
charge (z), and the hydration number (nw) as unknown param-
eters.
Table 2 shows the values of the structural parameters obtained
from the fitting procedure. Inspection of the results reveals that
micellar aggregates are substantially unvaried regardless of the
presence of the PVA network. This suggests a substantial
absence of interactions between the micelles and the polymeric
chains. It is worth noting that usually when moieties of a
polymer participate in the micelle formation the resulting
aggregates exhibit an aggregation number smaller than that
observed for the pure corresponding micelles.46
The absence of any significant interaction between the
polymer and the surfactant is also confirmed by the absence of
any detectable change in the scattering from PVA chains when
DC10OS is added to the gel in D2O as solvent. In this case,
shown in Figure 5, due to the small contrast between the
surfactant and the solvent scattering length densities, only the
scattering of the polymer is highlighted. If PVA chains were
wrapped or partly wrapped around micelle-like clusters of the
deuterated decylsulfonate, then a peak would appear in the gel
scattering similar to the intermicellar S(q) peak in Figure 6. No
evidence of such an effect is present in the experimental data.
All of the above considerations confirm the absence of any
detectable interaction between the PVA network and the sodium
decylsulfate. A more detailed description of the self-assembling
TABLE 2: Structural Parameters Obtained for Micelles of Fully Deuterated Sodium Decylsulfate in the Presence and in the
Absence of GEL3, Obtained by Fitting eqs 6-14 to the SANS Dataa
sample Ra/Å Rb/Å ä/Å Nagg z nw
DC10OS (0.0800 mol kg-1) 16.8 14.1 4.5 ( 0.7 49 ( 1 -22 ( 1 6 ( 1
GEL3 + DC10OS (0.0800 mol kg-1) 17.1 14.1 4.6 ( 0.9 51 ( 2 -20 ( 2 5 ( 2
DC10OS (0.102 mol kg-1) 17.1 14.1 4.6 ( 1.1 51 ( 3 -21 ( 1 5 ( 2
GEL3 + DC10OS (0.102 mol kg-1) 17.2 14.1 4.7 ( 1.1 52 ( 5 -18 ( 3 6 ( 2
DC10OS (0.159 mol kg-1) 17.1 14.1 4.6 ( 1.1 51 ( 3 -21 ( 2 6 ( 2
GEL3 + DC10OS (0.159 mol kg-1) 17.0 14.1 4.5 ( 0.9 49 ( 4 -23 ( 2 8 ( 2
a In all cases, a H2O/D2O mixture (xw ) 0.816) has been used as the solvent. The table reports the major (Ra) and minor (Rb) semiaxes of the
ellipsoidal hydrophobic core, hydrophilic shell thickness (ä), micellar aggregation number (Nagg), micellar actual charge (z), and hydration numbers
of micelles per polar head (nw).
P(q) ) s01jF(í,q)j2 dí (6)
F(í,q) ) [43 ðRaRb2(Fc - Fs) 3j1(uc(í))uc(í) +
4
3ð(Ra + ä)(Rb + ä)
2(Fs - F0)
3j1(us(í))
us(í) ]2 (7)
uc(í) ) qxí2Ra2 + (1 - í2)Rb2 (8)
us(í) ) qxí2(Ra + ä)2 + (1 - í2)(Rb + ä)2 (9)
dó
d¿ ) npP(q){1 + â(q)[S(q) - 1]} + ( dód¿)inch (10)
â(q) )
js01F(í,q) díj2
s01jF(í,q)j2 dí
(11)
Rb
Å ) 2.765 + 1.265(nc - 1) (12)
NaggVc )
4
3 ðRaRb
2 (13)
NaggVci + (Nagg + z)Vci + NaggnwVw )
4
3 ð[(Ra + ä)(Rb + ä)
2 - RaRb
2] (14)
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behavior of C10OS in PVA hydrogel can be obtained by EPR
spin-probing measurements. Particularly, it is possible to gain
information on the local polarity and microviscosity experienced
by the spin probe interacting with the micellar aggregates,
enhancing eventual effects of their restriction in the gel.47
Concerning the EPR measurements, all of the TC spectra,
both in hydrogel and liquid samples, showed the typical triplet
of narrow lines, indicating a fast isotropic tumbling of the spin
probe in the systems under consideration. According to the
classical theory of motional narrowing of EPR lines,48 the
nuclear spin state dependence of the width of the hyperfine line
of a nitroxide (¢B) is described by the formula
where mI is the nitrogen nuclear spin quantum number. The
constants A, B, and C are calculated from the peak-to-peak
spectral amplitudes, as described elsewhere.49
The values of A, B, and C were determined by means of a
least-squares fitting routine of experimental spectra using eq
15, allowing the isotropic nitrogen hyperfine coupling constant
(AN) and the tumbling correlation time of the spin probe (ôC) to
be calculated. The precision on ôC values is about 10%, while
the experimental error on AN values is estimated to be about
0.02 G.
The AN and ôC values of TC measured on patches of dried
GEL3 after rehydration in C10OS solutions are reported in
Figure 7 as a function of the surfactant molality. Both of the
parameters show an abrupt change at the molality at which the
surfactant molecules start to self-aggregate, allowing the de-
termination of the critical micellar concentration (cmc). In the
premicellar composition range, AN and ôC are almost unaffected
by the presence of the surfactant; see Figure 7. This evidence
indicates no TC-monomeric surfactant interaction. In the
micellar composition range, ôC increases, indicating a restriction
of the spin-probe rotational motion. Furthermore, AN decreases,
indicating that the TC NO moiety is positioned in a progressively
less polar environment. This evidence indicates TC to act as a
counterion of the C10OS micelles formed in the PVA hydrogel,
condensing at the micelle-water interface, and to orient its NO
moiety toward the micellar hydrophobic core.
In Figure 7, the AN and ôC values of TC in the PVA-C10OS
hydrogel system are compared with those in water-C10OS.50
Overall, the trends of the EPR parameters are almost the same.
Particularly, the AN curves overlay. This evidence indicates that
the TC microenvironment polarity is similar in the examined
systems, indicating that the C10OS micelles formed in PVA
hydrogel present the same hydrophobicity of those formed in
water. The ôC trend in PVA hydrogel is simply shifted to higher
values; however, the extent of the ôC variation upon surfactant
micellization is almost the same. The higher ôC values indicate
that the dynamic processes, such as the probe rotational motion,
in PVA hydrogel are slowed down. This could be probably
related to a structuring effect of PVA chains on water structure.51
The EPR evidence indicates that C10OS micellization in the
PVA hydrogel pores is similar to that in water, with any direct
interaction between PVA and C10OS molecules being absent,
both as monomers and as micelles.
Conclusions
The structural features of PVA hydrogels prepared by the
freeze/thaw technique have been quantitatively analyzed com-
bining SANS and USANS measurements. Information on the
relative arrangement of the polymer on the microscopic and
mesoscopic length scales has been obtained. The present analysis
indicates that PVA hydrogels are formed by a network in which
crystallites act as junction points. The structure of these
hydrogels becomes more defined with an increasing number of
freeze/thaw cycles. The mesoscopic structure of these gels
originates from the presence of polymer rich and water rich
regions. USANS measurements indicate that the average linear
dimensions of polymer rich phases of PVA hydrogels is of the
order of 1-2 ím.
The structural changes on the microscopic length scale
induced by application of a tensile force or upon application of
a drying/rehydration procedure to the gels in the freshly prepared
state have also been investigated. The obtained results have
shown that, in the analyzed length scale, upon stretching, a fast
relaxation process in the entangled amorphous regions occurs,
so that the structure is substantially unchanged; however, the
crystallite knots ensure a memory effect of the gel network and
upon releasing the tension a nearly total elastic recovery is
observed. The drying/rehydration procedure also does not induce
any significant change in the relative arrangement of the matter
with respect to the structure of the gels in the fresh state.
Finally, a possible interaction between sodium decylsulfate,
a surfactant of widespread use, and the PVA chains in the gel
has also been investigated. On the basis of the evidence collected
through SANS and EPR measurements, on PVA gel samples
containing the surfactant, it has been possible to infer (i) a lack
of any detectable interaction between the PVA chains and
C10OS and (ii) that the structural parameters, size, aggregation
number, and actual charge of the micelle are substantially
identical, no matter what the presence of the PVA is.
In light of the present analysis, freeze/thaw PVA hydrogels
appear as possible matrices for building up systems for drug
delivery of both hydrophilic and hydrophobic active molecules.
These hybrid systems can be attained by simple addition to the
gel of an appropriate amount of amphiphilic substances, such
as a surfactant, able to self-assemble and to form hydrophobic
domains. Since the PVA gel matrix substantially reduces the
diffusion coefficient of the micellar aggregates, there is the
possibility to fine-tune the release of a drug by its incorporation
into an appropriately chosen micellar carrier in a gel produced
by an appropriate number of freeze/thaw cycles.
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